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Abstract 

With the aim of extracting information on the shift of the ui mass in the nuclear 
medium we analyze data obtained at ELSA from where claims for evidence of a mass 
shift of the u have been made. We develop a Monte Carlo simulation code which takes 
into account the possible reactions in the experimental set up of (7 A — > X) in 
the vicinity of the ui production region with subsequent uj — > 7r°7 decay. We compare 
our results with experiment for the distribution of 7r° 7 invariant masses and conclude 
that the distribution is compatible with an enlarged u width of about 90 MeV at 
nuclear matter density and no shift in the mass. This change in the width would 
be compatible with the preliminary results obtained from the transparency ratio in 
the A dependence of uj production. The discrepancy of the present conclusions with 
former claims of an evidence for a shift of the uj mass stem from a different choice of 
background which is discussed in the paper. 



1 Introduction 

The interaction of mesons with nuclei has captured the attention of hadron community and 
much work has been done on the topic In particular the behavior of vector mesons in 
nuclei has been thoroughly studied, stimulated by the ansatz of a universal scaling of the 
vector meson masses in nuclei suggested in [2j and the study of QCD sum rules in nuclei 
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jsJj. Although most of the efforts have been devoted to the change of the p properties in 
the medium, the properties of the to meson have also received much attention and many 
theoretical efforts have been devoted to obtain the changes of the mass and width in the 
medium [U El E3 H El El EH [IH H2I EH [HI EH [13 HH HH1 EDI EI] The values obtained 
for the selfenergy of the to in nuclei split nearly equally into attraction and repulsion and 
range from an attraction of the order of 100-200 MeV El to no changes in the mass [F3\ 
to a net repulsion of the order of 50 MeV 15J. 

While most of the experimental work is conducted in heavy ion reactions, it has been 
argued in [22] that reactions involving the interaction of elementary particles with nuclei 
can be equally good to show medium effects of particles, with the advantage of being easier 
to analyze. In this sense, a variety of experiments have been done with pA collisions in 
nuclei at KEK |23| EH EH] and photonuclear collisions at Jefferson lab |2Hj by looking at 
dilepton spectra. 

A different approach has been followed by the CBELSA/ TAPS collaboration by looking 
at the 77T° coming from the uj decay. In this line a recent work [27| claims evidence for 
a decrease of the uj mass in the medium of the order of 100 MeV from the study of the 
modification of the mass spectra in uj photoproduction. 

In the present work we perform a reanalysis of the data of 27|. We develop a Monte 
Carlo simulation code which takes into account the possible reactions in the experimental 
set up of (7 A — > 7r°7 X) in the vicinity of the uj production region with subsequent 
uj — > 7T°7 decay. Especial emphasis is done in the final state interaction of the particles 
produced in order to properly reconstruct the invariant mass of the 7r°7 subsystem. We 
first look at the A dependence of the uj production (transparency ratio) from where, in 
base to preliminary data, we induce an approximate width of the uj in the nuclear medium. 
Next we compare our results with experiment for the distribution of 7r°7 invariant masses 
and conclude that the distribution is compatible with an enlarged uj width of about 90 
MeV at nuclear matter density and no shift in the mass. The discrepancy of the present 
conclusions with former claims of an evidence for a shift of the uj mass stem from a different 
choice of background. We show that the former claims were based on an assumption of 
background which eliminates strength at high uj masses, while the choice of background 
scaled from the elementary reaction automatically leads to strength at high uj masses, as 
well as in lower masses, which can be explained by means of an increased uj width, also 
compatible with the preliminary results obtained from the transparency ratio. 

The paper proceeds as follows: In Section 2 we outline the results of the microscopic 
calculations which serves here as input for our computer simulation. In Sections 3 and 4 
we provide the details of the Monte Carlo simulation method. The results are presented 
in Sections 5,6 and 7. The conclusions are given in Section 8. 

2 Preliminaries 

The inclusive reactions like the one studied here, A^^ — > 7r°7)A, require minimum 
knowledge of nuclear structure, since one is not looking at any particular final nuclear 
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state but integrating over all of them. Assuming further, that the elementary production 
amplitude on a single nucleon has been fixed, in a first step, the nuclear cross section can be 
obtained by summing over the occupied nuclear states in the Fermi sea and by introducing 
the standard nuclear effects like the Fermi motion of the initial nucleons and the Pauli 
blocking (for the jN — * uN) of the outgoing ones. 

In the present work we go beyond this scheme and consider also the final state inter- 
action (FSI) of the cu-mesons and its decay products in finite nuclei. The method used 
here will combine a phenomenological calculation of the intrinsic probabilities for different 
nuclear reaction, like the quasielastic and absorption channels, as a function of the nuclear 
matter density, followed by a computer Monte Carlo (MC) simulation procedure in order 
to trace the fate of the tu-mesons and its decay products in the nuclear medium. Since 
our calculations represent complete event simulations it will be possible to account for the 
actual experimental acceptance effects. In the following we shall carry out the computer 
MC simulation taking into account the geometrical and kinematical acceptance conditions 
of the Crystal Barrel/TAPS experiment at ELSA. 

We consider the photonuclear reaction A{^,oj — > 7r°7)A in two steps - production of 
the u;-mesons and propagation of the final states. In the laboratory, where the nucleus 
with the mass number A is at rest, the nuclear total cross section of the inclusive reaction 
A(7, uj)X including the effects of Fermi motion and Pauli blocking is given by 

G-yA^uiX = 

d 3 r f d 3 p N /" ,~2 Su(mu,mu, p A (r))Mx 



A 2^J (2n) 3 J W |p 7 + M(p 7 +Piv) 2 -M 



iVJ 



/^i 2 '^(EE^) 7M e ( i-^) 

in out 



x e(k F (r) - \p N \) 6(£ 7 + E N -E U - E F (r)) 

X ft w (f,p(r),p w ,7ri w ) (1) 

Here denotes the step function and B stands for the cosinus of the angle between p^+Pn 
and fiu 

B = cos^= ! (2) 

2 \Pu\\Py +PN\ 

x [(p 7 + Pn) 2 +pl + M 2 N - (£ 7 + E N — Ejf\ 
with obvious notations for the momenta and energies of the particles E 1 = \p 7 \, E u = 



pi + ml and E N = J f N + M%. Also in Eq. (0) E F (r) = ^Jk 2 F (r) + M 2 N is the local 
Fermi energy and the Fermi momentum kp is related to the local density pa{t) of the 
nucleus by 

PA(r) = 4 / |^e(Mr) - WM) = 2J ^- 0) 
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The photoproduction amplitude entering Eq. is that from the elementary reaction 
iV(7, u)N properly summed and averaged over the final and initial polarizations, respec- 
tively. It is given by 

in out Jv 

where da^^^N / dt is an invariant differential cross section with s = (p 7 + Pn) 2 , E* = 
s and t = {p l ^ b — p 7 ) 2 where p^ b is the four momentum of the lo in the laboratory 
frame. In Eq. (JTJ) the momentum p^ = 0^, of the to is defined with respect to 
P-y + Pn = (|p*7 + Pn\, 0' i </>')■ Making use of ordinary rotation matrices TZ^ and TZqi one 
can transform p^ to the laboratory system where it takes the form 



with 



p l f = K v , ® 1l e , ® p u (5) 

(cos ip' — sin ip' \ / cos sin \ 

shV cos<p' , K e > = 10. (6) 
1/ \-sini?' Ocos^'y 

In Ref. [28] da^p-tup/dt of the reaction (7,0;) on hydrogen target followed by the u — > 
7T7r7r decay has been measured for incident photon energies from the reaction threshold 
= m UJ + m 2 /2M P ~ 1.1 GeV up to 2.6 GeV. In the present work the data of Ref. [2E| 
are conveniently parameterized and properly implemented in the MC code. The fit to the 
total cross section is presented in Fig. ^ where the experimental data from Ref. [2H] are 
also shown. In the following, the cross section on the neutron will be taken to be the same 
as on a proton. 

The tu-mesons are produced according to their spectral function S u at a local density 
p{r) 



1 ImIL(p) 



" 'ml -ml- ReIL(p)) 2 + (imn^(p)) 2 



(7) 



where Il w is the in-medium selfenergy of the u with nominal mass = 782 MeV. 
The width of the u in the nuclear medium is related to the selfenergy by T u (p, rh^) = 
—lmIl (J j(p,m (J j)/E i0 . It includes the free width Tf ree = 8.49 MeV and an in-medium part 
F C oii{p) which accounts for the collisional broadening of the ui due to the quasielastic and 
absorption channels to be specified below. In Eq. (JJJ) Rell^ = 2E u} ReV opt (p) , where V opt (p) 
is the io nucleus optical potential accounts for a possible shift of the uo mass in the medium 
and we shall make some considerations about it latter on. 

In Eq. (JTJ) the distortion factor Q w describes the propagation and decay of the u mesons 
inside and outside the nucleus as well as the FSI of its decay products - in our case 7r°7 - 
in the nuclear medium. It is the subject of the present MC simulation. 
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E y [GeV] 

Figure 1: Total cross section of the reaction p( n f,uj)p as a function of the photon energy E 1 . The 
experimental data are from Ref. |2Hj- The solid curve is the fit to data. 



In the following we shall also consider the situation when the energy of the incident 
photon beam is not fixed but constrained in some energy interval E™ m < E 1 < i?™ ax . This 
condition is implemented by folding the cross section of Eq. (J!Q) with the photon flux profile 

/ 7 dE 7 W 7 (E 7 ) a jA ^ x (8) 

At ELSA facility, the photon beam is produced via the electron bremsstrahlung and there- 
fore one creates the photon flux according to the unnormalized spectra 

1 dAL 1 . , 

3 The Monte Carlo simulation procedure 

The computer MC simulation proceeds in close analogy to the actual experiment. At first, 
the multiple integral in Eq. (JJJ is carried out using the MC integration method. This 
procedure provides a random point f inside the nucleus where the photon collides with 
the nucleon, also randomly generated from the Fermi sea with \p^\ < fcf(f), see the factor 
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Q(kF{f) — \pn\) in Eq. For the sample event in the MC integral the mass of the uj 
respects the spectral function at local density p(r), see Eq. (J7J). Inside the nucleus the 
a;-mesons moving with the three momentum p^ b necessarily interact with the nucleons in 
their way out of the nucleus. In the MC simulation the a»-mesons are allowed to propagate a 

— * j?lab 

distance 5L = ^fcu\5L and at each step, 5L ~ 0.1 fm, the reaction probabilities for different 

channels like the decay of the uj into 7r°7 and nnn final states, quasielastic scattering and 
in-medium absorption are properly calculated. 

The conventional decay channels are uj — > nnn and uj — > n 0/ y and the corresponding 
reaction probabilities per unit length are given by 

SL 'jv Ipul 

OPu3— >7T7 1 p p /-, -, \ 

where w = Ip^l/E^ is the a; velocity and the Lorentz contraction factor 7 = E^/m^ relates 
the width of the uj in the rest frame, T u , to that in the moving frame T* . The partial 
decay width of the to into nnn and decay channels are T^^^ ~ 7.56 MeV and 
I\,_^ 7 ~ 0.76 MeV, respectively [H]. 

At given local density p(r), the probability per unit length for the quasielastic collision 
of the uj is given by 

—^T- = o u n-+uN p(r) (12) 
oL 

where o^n^n stands for the elastic ujN — > ujN cross section. In the present work we em- 
ploy the parameterization of the (J w n-^u>n used in Refs. 1201 • Eor the sample quasielastic 
event the angular distributions (we assume s-wave) are generated in the cm. frame of the 
uj and a random nucleon in the Fermi sea. Then a Lorentz boost back to the laboratory is 
done in order to obtain the energy and momentum of the scattered uj and outgoing nucleon 
after the quasielastic step. Since the outgoing nucleon moving with the three momentum 
\p N \ is subject to Pauli blocking, we require that the quasielastic scattering fulfills the 
condition > k F {r). 

The in-medium ujN — > ujN elastic scattering does not lead to a loss of flux and does not 
change the total nuclear cross section. It affects the uj energy and momentum distributions 
only increasing the energy loss of the uj in MC steps. The loss of uj flux is related to 
the absorptive part of the cu-nucleus optical potential. In nuclear matter the uj wave 
propagating through will acquire the phase ~ exp(— iV^t) which enforce the uj to be 
removed from the elastic flux at the rate 

^-^ = r - = - 2Im ^ < 13 > 

where V^f is the part of the Im V opt related to the the ujN inelastic cross section a in and 
other many-body absorption mechanisms. 
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The reaction probability for the u meson to be absorbed inside the nucleus after the 
propagation of the length interval 5L or undergo inelastic collision is given by 



8P a bs 




(14) 



5L 



As a first estimate we use the following parameterization for the width 



Tats — To 



p(r) 



(15) 



Po 



where po = 0.16 fm~ 3 is the normal nuclear matter density. The parameterization is ade- 
quate for the inelastic processes and only approximate for the absorption processes which 
would be better represented by a p 2 functional. It is thus implicit that the p functional 
for the absorption provides the correct absorption width for the average density felt by the 
process. 

Since we are interested in 7r°7 events, the absorption channels and decay uj — > tttttt 
remove the u;-mesons from initial flux. The 7r°7 events may come from both the uj decaying 
inside and outside the nucleus. Only 7r°7 events from to — > 7r°7 decays inside the nucleus 
carry information on the uj in-medium properties. If the resonance leaves the nucleus, its 
spectral function must coincide with the free distribution, ImlT^ = — m w r£ ree , because the 
collisional part of the width is zero in this case. When the to decays into 7r°7 pair at point 
r 1 inside the nucleus its mass distribution is generated according to the in-medium spectral 
function at the local density p(r'). For a given mass m u the u;-mesons are allowed to decay 
isotropically in the cm. system into the 7r°7 channel. The direction of the 7r° (therefore 
7) is then chosen randomly and an appropriate Lorenz transformation is done in order to 
generate the corresponding 7r°7 distributions in the laboratory frame. The o;-mesons are 
reconstructed using the energy and momentum of the 7r°7 pair in the laboratory. 

4 Propagation of pions in nuclei 

The reconstruction of the genuine o;^7r 7 mode is affected by the FSI of the 7r° in the 
nucleus which distorts the spectra. In this case, if the 7r° events come from the interior 
of the nucleus we trace the fate of the neutral pions starting from the decay point of the 
cu-meson. In their way out of the nucleus pions can experience the quasielastic scattering or 
can be absorbed. The intrinsic probabilities for these reactions as a function of the nuclear 
matter density are calculated using the phenomenological models of Refs (301 EU 122] , which 
also include higher order quasielastic cuts and the two-body and three-body absorption 
mechanisms. Since the FSI of the 7 quanta are rather weak they are allowed to escape the 
nucleus without distortion. In this section we briefly summarize the approach used for the 
description of the pion propagation in nuclei. 

We consider different energy regions where pions fall according to their kinetic energy 
T n . In the A(1232) region we use the microscopic Ah model for the pion nuclear inter- 
action [201 EH] • The formulae for the probabilities per unit length that a pion undergoes 
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quasielastic scattering Pqe (for T n < 390 MeV) and that the pion is absorbed Pa (for 
T n < 315 MeV) are adopted from Ref. [33]. The later includes higher order quasielastic 
cuts and also the parts corresponding to the two-body and three-body absorption cuts. 

Beyond the A(1232)-isobar region, we rely upon elementary 7r-nucleon cross sections, 
which provide the probability per unit length for a certain reaction to happen. For instance, 
in that region the probability that a pion undergoes a quasi-elastic scattering Pq is given 
by 

A P, , , - 

°qep{t) (16) 



SPqe 



5L 

where oqe is an average of the 7r°p — > 7r°p and 7T°n — > 7T°n cross sections. It can be 
determined using the isospin formalism in terms of the experimentally accessible cross 
sections taken from Ref. 



a QE = o(°VV^7r°p + OV'rwTi-On) (17) 
1 



1 

2 l 

1 

For the given quasielastic event the angular distributions are generated in the cm. frame 
of the pion and a random nucleon in the Fermi sea. Then a Lorentz boost back to the 
laboratory is done in order to obtain the energy and momentum of the pion and outgoing 
nucleon after the quasielastic step. Since the outgoing nucleon moving with the three 
momentum \ff N \ is subject to Pauli blocking, we require that the quasielastic scattering 
fulfills the condition \j? N \ > kp{r). 

Making use of the isospin amplitudes we get for the charge exchange reaction the 
following cross section 

1 

2' 

And using similar isospin arguments the total reaction cross section may be written in the 
form 

1, . 
°~R= 2\ a ^°P-^ x + a *°n-+X) 

= -{.Vir-p^x + cr^+p-^x)- (19) 

The corresponding probabilities are calculated using the expression similar to Eq. (fTB|) . The 
reaction mechanisms corresponding to Eqs. (|18J) and ()19|) remove the pions from initial flux. 
Finally, following the steps and parameterizations of Ref. [32J we get the extrapolation of 
the two- and three-body absorption mechanisms to higher kinetic energies of the pions. 



®CX = ^(^TvOn^TT-p + ^TrOp^TT+p) — V-K-p->iT n- (1£ 



5 In-medium a/-meson width and nuclear transparency 

In this section we discuss an extraction of the in-medium inelastic width of the uj in the 
photonuclear experiments. As a measure for the cu-meson width in nuclei we employ the 
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Figure 2: The result of the Monte Carlo method for the A-dependence of the nuclear transparency 
ratio Ta without (left panel) and with (right panel) FSI of outgoing pions. The incident photon beam 
was constrained in the range 1.45 GeV < E 1 < 1.55 GeV. The carbon 12 C was used as the reference 
target in the ratio of the nuclear cross sections. With T a b s — To^p where po is the normal nuclear matter 
density the dotted, dashed, dash-dotted, solid and dash-dash-dotted curves corresponds to T — MeV, 
r = 20 MeV, To = 50 MeV, T = 90 MeV and T = 150 MeV, respectively. 



so-called nuclear transparency ratio 

f A = ° A lA ^ X (20) 

i.e. the ratio of the nuclear w-photoproduction cross section divided by A times the same 
quantity on a free nucleon. T A describes the loss of flux of u;-mesons in the nuclei and is 
related to the absorptive part of the u;-nucleus optical potential and thus to the uj width 
in the nuclear medium. Furthermore, the A dependence of the nuclear transparency ratio 
should reflect the modification of the uj meson width with increasing nuclear matter density. 
This method has been already proven to be very efficient in the study of the in-medium 
properties of the vector mesons [SHI E±j and hyperons (2H1- In Ref. [20] the transparency 
ratio has been already used to determine the width of the cu-meson in finite nuclei using 
BUU transport approach. 

We have done the MC calculations for the sample nuclear targets: q 2 C, g 6 0, ^Mg, 13AI, 
?ISi, HP, f e S, fjCa, iFe, "Cu, ||Y, ™Cd, IfSm, |° 8 Pb, 1 8 U. In the following we evaluate 
the ratio between the nuclear cross sections in heavy nuclei and a light one, for instance 
12 C, since in this way, many other nuclear effects not related to the absorption of the uj 
cancel in the ratio [36J. We call this ratio Ta- 

The results of the MC calculation for the A-dependence of the nuclear transparency 
ratio Ta are presented in Fig. EJ The incident photon beam was constrained in the 
range 1.45 GeV < E 1 < 1.55 GeV - a region which is considered in the analysis of the 
CBELSA/TAPS experiment |39| I40j. The carbon 12 C was used as the reference target in 
the ratio of the nuclear cross sections. In Fig. El (left panel) we show the results for the 
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transparency ratio when the collisional broadening and FSI of the u are taken into account 
but without FSI of the pions from u — > 7r°7 decays inside the nucleus. With T abs = r ^- 
the dotted, dash-dotted, solid and dash-dash-dotted curves in Fig. |21 (left panel) corre- 
spond to r = MeV (no u absorption), T = 20 MeV, T = 50 MeV, T = 90 MeV 
and r = 150 MeV, respectively. In a case without u-absorption we do not observe any 
significant decrease of the Furthermore, assuming that the distortion factor in Eq.(|T]) 
is = 1 (no FSI at all) leads essentially to the same result. For other values of the 
absorption parameter r a very strong attenuation of the uo — > 7r°7 signal with increasing 
nuclear mass number A is noted. This is primary due to the stronger absorption of the 
cu-mesons with increasing nuclear matter density, see Eq. (fTKJ) . Also the contribution of the 
cu-mesons decaying inside the nucleus is increasing as a function of mass number A merely 
due to an increase in the effective radius of the nucleus. 

We have already noted that the FSI of the pions (7T-FSI) distorts the 7r°7 spectra and 
the reconstructed 7r°7 pairs contain events from the quasielastic steps which basically lose 
all information about their source. These 7r°7 pairs do not go into the final detection 
channel since they appear at much smaller invariant masses. It was already demonstrated 
in Refs. [3SJ [TH] that the contributions of the distorted events due to the FSI of the pions 
can be largely suppressed by using a lower cut T w > 150 MeV on the kinetic energy of the 
outgoing pions. A typical 7r° kinetic energy in the process is T n ~ 380 MeV, hence removing 
pions with T n < 150 MeV does indeed eliminate the pions which certainly underwent some 
quasielastic collisions. 

We therefore use this cut in the full MC simulation and, next, we consider the situation 
when both u and 7r° are subject to FSI in their way out of the nucleus. The results of 
the MC simulation with the coyV-FSI and a cut > 150 MeV are shown in Fig. |21 (right 
panel). As one can, see the effect of the 7T-FSI on Ta is sizable at small values of the 
absorption parameter r . Note that a decrease of the ratio Ta at T = MeV is caused 
both, by the stronger 7r-absorption at higher nuclear matter densities and because of the 
cut we have imposed to remove the pions interacting via quasielastic scattering from the 
total flux. But since the dependence of the transparency ratio on u width is non-linear, 
the impact of the 7T-FSI is already very small at r — 90 MeV. At this value of the tu-width 
the two curves with (right panel) and without (left panel) 7T-FSI are very close to each 
other. 

6 The eikonal (Glauber) approximation 

In the following we calculate the nuclear transparency ratio and the distortion factor due 
to the u) absorption using the eikonal (or Glauber) approximation. In this framework the 
propagation of the u in its way out of the nucleus can be accounted for by means of the 
exponential factor describing the probability of loss of flux per unit length. This simple 
but rather reliable method will allow us to get an accurate result for the integrated cross 
sections without performing an elaborate MC simulation. 

We proceed as follows: let 11^ be the u selfenergy in the nuclear medium as a function 
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of the nuclear density, p(r). We have for the collisional width 

F, _ImTL ^dP 

2 2E U ' "~ dt ' 1 ' 

where P is the probability of ui interaction in the nucleus, including u quasielastic collisions 
and absorption channels. We shall not consider the part of the Imll^ due to the quasielastic 
collisions since, even if the nucleus gets excited, the u will still be there to be observed. 
Thus, mainly the absorption of the u is reflected in the loss of u events in the nuclear 
production as we have already demonstrated using the MC method. This part of the u 
selfenergy is the one discussed before, see Eq. ()15|). Hence, we have for the probability of 
loss of flux per unit length 

dP = dP_ = _dP_ = E^ r ^ 
dl vdt \PjA (it \P^\ 

and the corresponding survival probability is given by 



cxp 



poo rp . . 



(23) 



where f' = f+ l-jjjjrr with r being the to production point inside the nucleus. 



Then the total photonuclear cross section A (7, uS)X is given by Eq. ((TJ where now the 



2 



kernel is replaced by the eikonal factor of Eq. ([23)1 . Since, the integration over m 
in Eq. should not change the normalization of the total cross section, one can use in 
Eq. (JTJ) the spectral function of the free u, — > Sf ree . 

The results of the eikonal approximation for the A-dependence of the nuclear trans- 
parency ratio Ta are shown in Fig. 01 (left panel). The kinematic constraints and notations 
for the curves are the same as in Fig. [21 In Fig. [3] (right panel) we compare the A- 
dependence of the nuclear transparency ratio calculated using the Monte Carlo simulation 
method (solid curve) and the eikonal approximation (dashed curve). In both cases we used 
the collisional width (absorptive part) of 90 MeV at normal nuclear matter densities po 
which gives a fair description of the preliminary data of the CB/TAPS collaboration [3D] . 
As one can see, the two curves are very close to each other suggesting a remarkable accuracy 
of the eikonal approximation. See also related discussions in Ref. [2*D] . 

There are essential differences in the two approaches. In the eikonal approximation 
the u proceeds always in the forward direction after any collision following the straight 
trajectories in their way out of the nucleus. Furthermore, in the eikonal approximation the 
u;-mesons keep always their original energy, which is not the case in the MC simulation, 
where because of the quasielastic steps the energy depends on the scattering angle. Also 
FSI of the pions coming from the interior of the nucleus is not accounted for in the eikonal 
formula. In spite of that, the results of both methods are rather similar. Although the 
eikonal method is very accurate for the total cross sections at rather big values of the 
absorption parameter Tq, it cannot be used for the detailed studies of the differential 
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Glauber A(y,co)X 
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Figure 3: Left panel: The A-dependence of the nuclear transparency ratio Ta when using the eikonal 
approximation (see the text). The notations for the curves are the same as in Fig. [21 Right panel: 
Comparison of the A-dependence of the nuclear transparency ratio calculated using the Monte Carlo 
simulation method (solid curve) and the eikonal approximation (dashed curve) . The inelastic width of the 
u> of Tq — 90 MeV at po has been assumed in both calculations. 



spectra where the acceptance conditions relevant for the actual experiment must be taken 
into account like the MC simulation method does. 

Finally, using the results of both methods and taking into account the preliminary 
results of CBELSA/TAPS experiment [40J we get an estimate for the uj width 

T abs ~ 90 x ^1 MeV. (24) 
Po 

This estimate must be understood as an average over the to three momentum. By this we 
conclude that the measurements of A dependence of the nuclear transparency ratio provide 
very important information on the absorptive part of the cu-meson width in the nuclear 
medium. 



7 In- medium a;- meson mass and CBELSA/TAPS ex- 
periment 

As we have already seen in the previous sections the cu-mesons which have an increased 
decay probability inside the nucleus may carry experimentally observable information con- 
cerning their in-medium properties. Furthermore, the cu-mesons decaying inside nuclei can 
be used for studying their in-medium properties. Success in finding experimental informa- 
tion on these properties suggests to take a certain kinematic condition where the decay 
length = \pu\ / m^T ^ of the u moving with the three momentum \pj\ should be less 
than the nuclear radius. Therefore, in the actual experiment it is preferred that the kinetic 
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Figure 4: Invariant mass spectra reconstructed from the ir°j events in the (7, 7r°7) reaction from Nb 
target. The experimental data are from Ref. Dotted curve is an uncorrelated ir°j background (see 

the text). The dashed and dash-dash-dotted curves correspond to the u> — > ir°j events with and without 
the kinematic cut |p„.o 7 | < 500 MeV, respectively. The normalization without cut is arbitrary. The solid 
line corresponds to the sum of the background and the dashed line. Inset: The 7r°7 invariant mass spectra 
in the elementary p[pj, ir 0r j)p reaction. Same background (dotted curve) as for the Nb target has been 
used. The solid line is the sum of the background and uj ir°j events. 



energy of the u meson is small, since in this case, the fraction of u mesons decaying inside 
the nucleus can be increased further merely by minimizing the u decay length. This can 
be achieved with an incident photon energy close to the cu-production threshold or us- 
ing the kinematical cuts on the cu-meson three momentum, as have been demonstrated in 
Refs. jUHlE]- The later idea to gate the u momenta using the higher momentum cuts has 
been used in a recent CBELS A/TAPS experiment where a significant modification of the 
a;-meson line shape when these mesons are produced in a dense medium was reported [27] . 
This change of the 7r°7 invariant mass spectra and an accumulation of additional strength 
at lower invariant masses was interpreted as an evidence for the lowering of the u> mass in 
nuclei. 

At the same time one should note, that the u line shape reconstructed from 7r°7 events 
strongly depends on the background shape subtracted from the bare 7r°7 signal. In Ref. j27J 
the shape of the background was chosen such that it accounted for all the experimental 
strength at large invariant masses. This choice was done both for the elementary 7^0 — > 7r°7p 
reaction as well as for nuclei. As we shall show, this choice of background in nuclei implies 
a change of the shape from the elementary reaction to that in the nucleus for which no 
justification was given. We shall also show that when the same shape for the background as 
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( Nb) E = 0.9 -2.6 GeV, p o < 500 MeV 




0.65 0.7 0.75 0.8 0.85 

M o [GeV] 



Figure 5: Invariant mass spectra reconstructed from ir°j events. The kinematic constraints are the 
same as in Fig. The band corresponds to the changes of the in-medium w-mass according to m w ± 
4Q(p/po) MeV. The serrated line corresponds to the scaling of the w mass m w (l — 0.16p/po). The dotted 
curve is the ui — > ir°j signal without applying the kinematic cuts. See text for further explanations. 



for the elementary reaction is chosen, the experiment in nuclei shows strength at invariant 
masses higher than m w where the choice of |27J necessarily produced no strength. We 
will also see that the experimental data can be naturally interpreted in terms of the large 
in-medium uj width discussed above without the need to invoke a shift in the u mass in 
the medium. 

In Fig. 0] we show the experimental data (solid histogram) for the 7r°7 invariant mass 
spectra in the reaction (7, 7r°7) j27J from |^Nb target. The insert corresponds to the ir 0/ j 
spectra from the hydrogen target. In our MC calculations the incident photon beam has 
been constrained in the range 0.9 GeV < E™ < 2.6 GeV. The higher momentum cut 
|p 7r o 7 | = Ip^o + Pj\ < 500 MeV on a three momentum of the 7r°7 pair was imposed as in 
the actual experiment. First, we use the hydrogen target, see insert in Fig. HI to fix the 
contribution of the uncorrelated 7r°7 background (dotted curve) which together with the 
7r°7 signal from uj — > 7r°7 decay, folded with the Gaussian experimental resolution of 55 
MeV as in Ref. [27] , gives a fair reproduction of the experimental spectra. Then we assume 
the same shape of the 7r°7 background in the photonuclear reaction. In the following we 
use the uj inelastic width of r = 90 MeV at po- The exclusive to — > MC spectra is 
shown by the dashed curve. The solid curve is the reconstructed 7r°7 signal after applying 
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the cut on 7r°7 momenta and adding the background fixed when using the hydrogen target 
(dotted curve). Note that the shape of the exclusive 7r°7 signal without applying a cut 
on 7r°7 momenta (dash-dotted curve) is dominated by the experimental resolution and no 
broadening of the uj is observed. This is in agreement with data of Ref . |2Zj ■ But applying 
the cut one increases the fraction of in-medium decays coming from the interior of the 
nucleus where the spectral function is rather broad and as a result the broadening of the 
7r°7 signal with respect to the signal (without cut) can be well seen. The resulting MC 
spectra (solid curve) shows the accumulation of the 7r°7 events from the left and right 
sides of the mass spectra, and it is consistent both with our choice of the uncorrelated 7r°7 
background and experimental data. 

It is interesting to stress here that the choice of the background done in [21] significantly 
changes it from the proton target to the nucleus. However, inspection of Fig. H] (a) of 
Ref. |2Zj clearly shows that while the background on the proton has a kind of convex 
parabolic form (see this also in Fig. Inhere, insert), the background chosen for Nb in j27] is 
a straight line in the logarithmic plot. This increases the assumed background with respect 
to that induced from the proton experiment at high masses which is difficult to justify. 
Indeed, even if the distortion on the pions from FSI is not large, its effect should go into 
degrading the pion energy and consequently moving events to lower 7r°7 invariant masses, 
hence reducing relatively the background at higher 7r°7 masses, not increasing it. 

We have also done the exercise of seeing the sensitivity of the results to changes in the 
mass. In the dark band of Fig. 03 we show the results of having the uj mass in between 

±40p/ po MeV. The narrowness of the band indicates that the experimental data could 
not be precise enough to distinguish between these cases. In other words, this experiment 
is too insensitive to changes in the mass to be used for a precise determination of the shift 
of the tu-mass in the nuclear medium. On the other hand, we have shown that the results 
are more sensitive to changes in the width of the uj in the medium. This is due to the fact 
that an increased width produces more decays of the uj in the medium which allows one 
to see changes in the 7r°7 spectra. This larger sensitivity of the results to the width than 
to mass change was already observed in studies of the p production in nuclei In any 
case, we have checked what would be the results should we assume m u (l — 0.16p/p ), i-e., 
a shift of 125 MeV at p = p as suggested in Ref. [3] . We can see the results in the serrated 
line in Fig. which shows a visible asymmetry with respect to the thick solid line, the one 
we have shown to be compatible with experiment. We should note that the peak position 
does not move since it is dominated by the decay of the uj outside the nucleus. 

8 Conclusions 

We have performed calculations of the (7 A — > 7r°7 X) reaction for 7r°7 invariant masses 
around the uj mass. A clear signal is seen in the experiment for uj production with sub- 
sequent 7r°7 decay, both for the elementary reaction on a proton target as well as in the 
nuclear targets. In addition there is a sizable background that has to be subtracted in 
order to identify the uj signal in the proton and nuclear targets. We have performed a 
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Monte Carlo simulation of the uj production followed by its decay into 7r°7, with a detailed 
study of the final state interaction of the particles involved in the process. The invariant 
mass distribution of the 7r°7 pairs is evaluated when the particles have left the nucleus. 
We compare our theoretical results with the experimental data and induce from there that 
the data are compatible with an uj in the medium width of around 90 MeV at normal 
nuclear matter and no shift in the mass. This large width in the medium is compatible 
with preliminary results obtained from the transparency ratio in uj production in nuclei for 
which we also present theoretical results here. 

The results obtained here for the mass shift disagree with those formerly claimed in j2Z| 
and we show that the reason for this discrepancy is due to a different choice of background. 
In j^Zj the background for nuclear targets did not scale with respect to the one on proton 
targets and the shape assumed for both targets was manifestly different. The choice of 
background in nuclei was done such as to cut the contribution of high uj invariant masses. 
By means of this choice, the shape of the uj mass distribution in nuclei was asymmetric, 
showing additional strength only at masses smaller than the uj mass which induced the 
authors to claim that there was a shift of mass to lower invariant masses. We have done 
a different choice of background, more suited for the studied reaction, which is to take 
the same shape for the background in nuclei as for the proton target. With this choice of 
background, the uj invariant mass distribution is symmetric and explained in terms of the 
enlarged uj width in the medium with no need to invoke a shift in the mass. We also show 
that the reaction is not well suited to make precise determinations of the mass, and see 
that the data could not distinguish between masses in a range m w ± A0p/p MeV. 
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